The number of completely sequenced archaeal genomes has been sufficient for a large-scale bioinformatic study. We have conducted analyses for each coding region from 36 archaeal genomes using the original CGS algorithm by calculating the total GC content (G+C), GC content in first, second and third codon positions as well as in fourfold and twofold degenerated sites from third codon positions, levels of arginine codon usage (Arg2: AGA/G; Arg4: CGX), levels of amino acid usage and the entropy of amino acid content distribution. In archaeal genomes with strong GC pressure, arginine is coded preferably by GC-rich Arg4 codons, whereas in most of archaeal genomes with G+C<0.6, arginine is coded preferably by AT-rich Arg2 codons. In the genome of Haloquadratum walsbyi, which is closely related to GC-rich archaea, GC content has decreased mostly in third codon positions, while Arg4>>Arg2 bias still persists. Proteomes of archaeal species carry characteristic amino acid biases: levels of isoleucine and lysine are elevated, while levels of alanine, histidine, glutamine and cytosine are relatively decreased. Numerous genomic and proteomic biases observed can be explained by the hypothesis of previously existed strong mutational AT pressure in the common predecessor of all archaea.
Introduction
In this work we analyzed G+C composition of genomes and amino acid content of proteomes of all the archaeal species whose genomes have already been completely sequenced and submitted to the Codon Usage Database (www.kazusa.or.jp/codon) (1) . We applied directed mutational pressure theory (2, 3) to the analysis of completely sequenced archaeal genomes.
Mutational pressure in double-stranded DNA ge-nome is the situation when 3GC is higher than 1GC and 2GC for most of its genes (4) . If 3GC level is lower than 2GC and 1GC for most of coding regions, there is AT pressure in this genome. Mutational pressure is caused by the imbalance of mutational processes and reparation (3, 5) . The most common and well-studied mutational processes that contribute into mutational pressure are: (i) deamination of cytosine leading to C to U transitions (3, 5), (ii) deamination of methylcytosine leading to 5-methyl-C to T transitions (5, 6) , (iii) oxidation of guanine leading to G to T transversions (3, 5), (iv) deamination of adenine leading to A to G transitions (5, 7) , (v) oxidation of thymine leading to T to C transitions (5), (vi) incorporation of 8-oxo-G into the growing DNA strand opposite adenine followed by the replacement of A with C and the excision of 8-oxo-G leading to A to C transversions (3, 5) . Mono and polyfunctional enzymes involved in reparation of above-mentioned lesions are found in species from all three superkingdoms of life (5) (6) (7) .
When third codon positions become saturated (due to GC pressure) or desaturated (due to AT pressure) with G and C, the probability of substitutions occurring in first and second codon positions increases (4) . This situation has been called a strong mutational pressure (8) that leads to the simplification of the amino acid content of proteome (9) .
In the work on amino acid biases of halobacterial proteomes, an elevated level of aspartic acid (which is higher than that predicted according to dinucleotide composition of genomic DNA) has been found (10). Authors speculated that increased level of Ala and decreased level of Lys in halobacterial proteomes are "dragging effects" caused by the compositional shift of halobacterial DNA, which would have changed to increase principally the fraction of aspartic acid alone (10) . Another study on the haloarchaeal secretomes showed that frequencies of Lys, Ile and Leu are much lower, but the frequencies of Arg, Thr, Val and Gly are higher than those in bacterial signal peptides (11) .
In our work we found out that amino acid biases in archaeal proteomes, as well as genomic biases characteristic to most of archaeal species, can be simply explained by a single hypothesis of strong mutational AT pressure existed in the common predecessor of all archaea.
Results and Discussion

Estimation of the strength of mutational pressure in archaeal genomes
The estimation of the strength of mutational pressure in archaeal genomes is shown in Figure 1 . Mutational pressure is strong if the module of the coefficient of correlation (R) between GC content in third codon positions (3GC) and total GC content (G+C) for all coding regions in the genome (excluding those from genomic islands) is lower than 0.5 (8) . Strong mutational GC pressure leads to the almost equivalently high saturation of third codon positions with G and C in all coding regions ( Figure 1B) (4, 8) . Strong mutational AT pressure leads to the almost equivalent desaturation of third codon positions with G and C through the coding genome ( Figure 1D ) (8) .
Usually the picture of GC content distribution in all genes from archaeal genome can be described as "head and tail" ( Figure 1A , B and D), where a head is formed by most of the coding regions with close GC content and a tail is formed by coding regions from genomic islands. Genome of Methanosarcina acetivorans ( Figure 1C ) is an exceptional one: you cannot find any "head", but just a long "tail" that lasts from G+C = 0.24 to G+C = 0.60.
Even in the genome of Halobacterium sp. NRC-1 with total GC content about 0.68, there is a strong correlation between 3GC and G+C (R=0.864). As one can see in Figure 1B , this correlation is due to the small part of coding regions with lower GC content, while most of the genes (the "head" forming a kind of "roof") have 3GC levels about 0.87. However, for coding regions with G+C>0.62 the correlation is already low (R=0.489). It means that there is strong mutational GC pressure in the main part of Halobacterium sp. genome (which includes 77.7% of coding regions), but there is no strong mutational GC pressure in the Halobacterium sp. genomic islands. Main parts of Natronomonas pharaonis and Haloarcula marismortui genomes (genes with G+C>0.60) are also under the influence of strong mutational GC pressure.
The coefficient of correlation between 3GC and G+C for Sulfolobus tokodai is 0.716. If we calculate this coefficient only for coding regions with G+C<0.4 ( Figure 1D ), the situation characteristic for the strong AT pressure (low correlation between 3GC and G+C) will be found (R=0.486). There are about 5.9% of S. tokodai coding regions with G+C more than 0.4. Strong mutational AT pressure has also been found in the main part of Sulfolobus solfataricus coding genome (in genes with G+C<0.4) and in whole genomes of Nanoarchaeum equitans, Methanobrevibacter smithii, Methanococcus aeolicus and Methanosphaera stadtmanae.
Bias in Arg4 and Arg2 usage correlates with bias in GC4f and GC2f3p: genomic indicators of previously existed strong AT pressure For the levels of arginine codon usage, it is expectable that GC-rich Arg4 codons (CGX) are used with a great preference in GC-rich genomes (Figure 2 ). In genomes with strong mutational AT pressure, there is also an expectable bias in Arg4/Arg2 codon usage: GC-poor Arg2 codons (AGA/G) are used with the great preference ( Figure 2 ). The strange is the fact that there is a great bias in Arg2 and Arg4 codon usage in the absence of strong mutational pressure. In most of archaeal genomes with average GC content, Arg2 codons are used with the great preference against Arg4 codons (Figure 2 ). The level of Arg4 usage is increasing with the growth of GC content but even in Thermofilum pendens (G+C=0.58) it is more than twofold lower than the level of Arg2 usage. Only in the genome of Methanopyrus kandleri with G+C=0.61 the bias became controversial: Arg4>Arg2. However, the level of M. kandleri Arg2 usage is still high in relation to the archaeal genomes with strong GC pressure. High level of AT-rich Arg2 codons and low level of GC-rich Arg4 codons in archaea with average GC content should be the "trace" of previously existed strong AT pressure in their common predecessor.
As one can see in Figure 2 , the bias in Arg4 and Arg2 codon usage still exists in methane-producing archaea with G+C<0.46, but the level of Arg2 is some lower, while the level of Arg4 is some higher in them in comparison with genomes from the main archaeal group. It is important to highlight that two methane-producing archaea (M. kandleri and Methanothermobacter thermautotrophicus) are classified into the main group: their biases in arginine codon usage and amino acid content are different from biases found in their relatives.
In Figure 2 one can see outlying points with inversed Arg4/Arg2 bias that belong to Haloquadratum walsbyi. As shown in Table 1 , H. walsbyi has an elevated level of 1GC relative to the species with the same total GC content (around 0.5). On the other hand, the level of 3GC in H. walsbyi is too low for "normal" archaea with average G+C.
H. walsbyi is phylogenetically closely related to GC-rich Halobacterium sp., H. marismortui and N. pharaonis (12) (13) (14) , genomes of which are under the influence of strong mutational GC pressure. However, we can describe mutational pressure in H. walsbyi genome as the weak AT pressure. We came to the conclusion that the direction of mutational pressure in the genome of H. walsbyi has changed not very long time ago. There was a strong GC pressure in the genome of H. walsbyi predecessor, the level of 1GC was high and the bias between Arg4 and Arg2 (Arg4>>Arg2) was great. The product of gene MutY is DNA glycosylase that excises A opposite G, C and 8-oxo-G (3, 5). This enzyme is involved in A to C and T to G transversion mechanism. Probably, some amino acid substitutions had altered the function of H. walsbyi MutY protein or decreased its specificity for 8-oxo-G residues and the change of mutational pressure direction has occurred.
GC4f is the GC content in fourfold degenerated sites where all nucleotide substitutions are synonymous. GC2f3p is the GC content in twofold degenerated sites from third codon positions where only transitions are synonymous. As shown in Table 1 , in all archaeal species, except those that are under strong mutational GC pressure and Pyrobaculum aerophilum, GC4f is higher than GC2f3p. In most of them the difference between GC4f and GC2f3p is great enough to state that the rates of GC to AT transversions in archaeal genomes are higher than the rates of AT to GC transversions, but the rates of GC to AT transitions are lower than the rates of AT to GC transitions. The level of Arg4 cannot be elevated in most of archaeal species because the rates of AT to GC transversions are much less frequent than the rates of GC to AT transversions.
In P. aerophilum GC4f (0.623) is a little higher than GC2f3p (0.586), but the bias in arginine codons is the same as that for the most part of archaea. This may be explained by the suggestion that the bias in arginine codon usage is a much more "retrospective" indicator of previously existed mutational pressure than the bias in GC4f and GC2f3p.
In Table 2 one can see that the bias in GC4f and GC2f3p is lower for Methanosarcina species than for the main group of archaea. In genomes of Methanocorpusculum labreanum and Methanospirillum hungatei the level of GC4f is much higher than the level of GC2f3p. Increased rates of AT to GC transversions in these genomes have already resulted in the change of arginine codon usage bias (Arg4>Arg2).
One can speculate that the bias in arginine codon usage is due to the increased (or decreased) number of tRNA clones recognizing Arg4 (or Arg2) codons. However, this alternative hypothesis is not working well: different biases in arginine codon usage are observed in species with the same number of tRNA copies; close biases are found in species with different numbers of tRNA copies (Table 3) . In addition, one should remember that the level of Arg4 codon usage makes a great contribution to the total level of CpG dinucleotide usage (15) . Figure 3 shows the distribution of 3GC in coding regions of two genomes. Several genomic islands with higher 3GC are clearly seen in the genome of H. walsbyi ( Figure 3A ), but 3GC levels of "normal" coding regions do not vary widely (from 0.33 to 0.43, approximately). Figure 3B shows that the genome of M. acetivorans consists of numerous short genomic islands significantly different in their GC content. In some of those "microislands", mutational pressure should have AT to GC direction (3GC higher than 50%), in others the direction of mutational pressure should be different (AT pressure). Wide variation in 3GC levels (from 0.2 to 0.8) in M. acetivorans coding regions is close to that in eukaryotic chromosomes (6) . Methanosarcina species are known to have different stages in their life cycles (16) . M. acetivorans can live as separate cells, as a cell lining and as a multicellular conglomerate with differentiated cells (17) . In different cell types different genes are expressed. If mutator-gene is expressed only in a given stage of a life cycle, it will cause nucleotide substitutions mostly in genes that are also expressed in this differentiated cell. If numerous genes are not translated in the differentiated cell, mutator-gene will rarely cause nucleotide substitutions in them.
Mosaic structure of M. acetivorans genome
Coding regions might "jump" from GC-rich "microislands" to GC-poor ones and vise versa in M. acetivorans. This process should result in the absence of the great bias in arginine codon usage as well as in the growth of entropy of amino acid content distribution.
Analogous mosaic genome structure is also a characteristic of Methanosarcina mazei and M. hungatei genomes. In Methanococcoides burtonii and Methanosarcina barkeri genomes, variations in 3GC are not so wide, but they are still wider than in genomes from the main group of archaea. In Methanococcus maripaludis, Methanococcus vannielii, Methanobrevibacter smithii, Methanococcus aeolicus and Methanosphaera stadtmanae, the distribution of 3GC is identical to that in the main group of archaea; there are even no genomic islands in them, but the bias in arginine codon usage and specific amino acid content features are similar to those of M. acetivorans ( Figure 2 and Table 2 ). The GC content of M. hungatei and M. labreanum genomes is higher than that of M. acetivorans; the size of their genomic islands is larger than in M. acetivorans, while the variations in 3GC are not so wide.
Probably, common predecessor of the group of methane-producing archaea existed for a long time with the state of genome organization similar to that of M. acetivorans, but then one group of its offspring drifted to AT pressure and another group drifted to GC pressure, loosing their mosaic G+C structure that remains in M. acetivorans.
Entropy of amino acid content distribution in archaeal genomes
We calculated entropy of amino acid content distribution (according to Claude Shannon's information theory) in all proteins coded by genomes of the main group of archaea and in all proteins from the group of methane-producing archaeal species. Entropy (the quantity of information) is the measure of uncertainty and diversity of any biological system (9) . The lower the level of entropy, the higher the level of amino acid content uniformity.
In general, Figure 4 shows that both GC and AT pressure lead to the decrease in entropy of amino acid content distribution. GC pressure causes increase in levels of four amino acids coded by GC-rich codons (GARP) and decrease in levels of six amino acids coded by AT-rich codons (FYMINK). On the contrary, AT pressure causes increase in levels of FYMINK and decrease in GARP usage.
The entropy of amino acid content distribution is significantly higher in proteins from the group of methane-producing archaeal species ( Figure 4B ) coded by genes with G+C from 0.3 to 0.6 than in proteins from the main group of archaea coded by genes with the same GC content ( Figure 4A ).
The highest entropy of the main group of archaea is in proteins coded by genes with G+C from 0.4 to 0.5 ( Figure 4A ), while the highest entropy of the group of methane-producing archaeal species is in proteins coded by genes with G+C from 0.5 to 0.6 ( Figure 4B ). Figure 4C shows the cause of the slow (yet statistically significant) decrease in entropy under the influence of GC pressure in proteins of the main group of archaea: the total level of 10 a.a. usage (the usage of 10 amino acids coded by codons with average GC content) increases with the growth of GC content up to the point of G+C = 0.7 and begins to decrease only in proteins coded by genes with G+C higher than 0.7.
In comparison, Figure 4D shows that in proteins from the group of methane-producing archaeal species, the level of 10 a.a. usage begins to decrease in proteins coded by genes with G+C higher than 0.5.
Entropy falls more steeply in GC-poor genes (G+C<0.3) from the group of methanoproducents ( Figure 4B ) than in the main group of archaea ( Figure  4A ). This fact is surely caused by the absence of statistically significant difference between levels of 10 a.a. in proteins coded by genes with G+C from 0.2 to 0.3 and genes with G+C from 0.3 to 0.4 in the main group of archaea. -producing archaea (B, D) . 10 a.a. is the total level of usage for ten amino acids coded by codons average in GC content.
Amino acid usage in two groups of archaeal species: proteomic indicators of previously existed strong AT pressure
The levels of amino acid usage in proteins from the main group of archaea is shown in Figure 5 . Levels of valine, threonine, aspartic acid, histidine and glutamine ( Figure 5C ) increase with the growth of GC content just like levels of GARP amino acids do (Figure 5A) . Only the level of glutamine begins to decrease in proteins coded by G+C >0.7, when levels of other four amino acids keep growing. To find out the cause of this unexpected growth, we analyzed behavior of its possible sources (FYMINK amino acids).
One can see in Figure 5B that levels of isoleucine and lysine are much higher than the level of any other amino acid from FYMINK group in proteins coded by genes with G+C<0.6 (18) . Great shift in lysine usage can be seen between proteins coded by genes with G+C from 0.5 to 0.6 and proteins coded by genes with G+C from 0.6 to 0.7. The greatest shift in aspartic acid usage ( Figure 5C ) has also taken place between proteins coded by genes with G+C from 0.5 to 0.6 and proteins coded by genes with G+C from 0.6 to 0.7. We supposed that the level of aspartic acid grew in proteins coded by genes with G+C from 0.6 to 0.7 due to the decrease in lysine (18) . Indeed, aspartic acid is coded by GAT and GAC codons, while lysine is coded by AAA and AAG. The easiest pathway of Lys to Asp substitution is two-step nucleotide mutation AAA to GAC. This kind of two-step mutation should be frequent when mutational GC pressure is caused by both AT to GC transitions and AT to GC transversions. Increase in glutamine and histidine levels can also be due to the decrease in lysine level under the influence of GC pressure. Decrease in isoleucine should give source to the increase in valine and in threonine under the influence of GC pressure.
The level of alanine is growing more steeply than levels of other three amino acids from the GARP group under the influence of strong GC pressure ( Figure 5A ). Amino acid substitutions leading to alanine appearance should be more neutral than amino acids leading to glycine, arginine or proline appearance (9) . We hypothesize that isoleucine and lysine levels are growing so steeply under the influence of AT pressure because of the same circumstances: substitutions leading to isoleucine and lysine appearance should be more neutral than substitutions leading to phenylalanine, tyrosine, methionine or asparagine appearance.
As shown in Figure 5 , there are only three amino acids (Ile, Pro and Arg) whose levels are significantly different between groups of proteins coded by genes with G+C from 0.2 to 0.3 and proteins coded by genes with G+C from 0.3 to 0.4. In contrast, in proteins from the group of methane-producing archaea, levels of GARP amino acids decrease, levels of FYMINK amino acids (except methionine) increase and levels of eight out of ten amino acids coded by codons with average GC content do decrease under the influence of strong AT pressure (Figure 6 ).
The absence of difference between amino acid content of archaeal proteins coded by genes with G+C from 0.2 to 0.3 and proteins coded by genes with G+C from 0.3 to 0.4 is the strongest proteomic evidence of our hypothesis. This situation could be possible only if archaeal species from the main group "came back" from the strong AT pressure. The higher rates of AT to GC transitions than in their common predecessor have not led to the significant rearrangements in amino acid content, just like it happened with H. walsbyi that "came back" from GC pressure.
Relatively elevated levels of histidine, cysteine and glutamine are found in proteomes that belong to archaeal species from the group of methanoproducents. This feature should be the cause of higher levels of entropy in their proteins. The level of lysine is much lower than that in the main group of archaea for proteins coded by genes with G+C from 0.4 to 0.5. This may be caused by higher rates of AT to GC transversions in genomes of mentioned methanoproducents: level of lysine has already declined, giving substrate for the growth of histidine and glutamine, and the level of aspartic acid is not growing under the influence of GC pressure in proteins coded by genes with G+C from 0.5 to 0.6. The level of isoleucine has not decreased in proteins coded by genes with G+C from 0.4 to 0.5 just like the level of lysine has done, and so valine and threonine levels keep on growing in proteins coded by genes with G+C from 0.5 to 0.6.
Mosaic genome structure should be the cause of amino acid content diversification in the common predecessor of arachaea from the group of methanoproducents. However, relatively elevated levels of isoleucine and lysine persist in this group of archaea, providing the evidence of previously existed strong AT pressure in their common predecessor. 
Conclusion
All the genomic and proteomic data obtained in our research can be explained by the single hypothesis: there was a strong mutational AT pressure in the genome of common predecessor of all archaea. Then the rates of AT to GC transitions began to increase, while the rates of AT to GC transversions did not. That is why bias in GC4f and GC2f3p has occurred (GC2f3p>GC4f) and bias in arginine codon usage has not been changed (Arg2>>Arg4) in most of the offspring of common archaeal predecessor. Amino acid content of archaeal proteomes still carries certain features characteristic to proteomes encoded by genomes with strong mutational AT pressure (levels of isoleucine and lysine are increased, while levels of alanine, histidine, cysteine and glutamine are decreased). Many features of archaeal genes and proteins as well as the absence of some genes existing in bacteria and eukaria (19) can be explained (at least partially) by our hypothesis.
Materials and Methods
Data
As the material for our in silico work we have used 36 lists of codon usage for each coding region (CDS) from 36 completely sequenced archaeal genomes (Tables 1 and 2). All these lists of codon usage for each CDS were taken from Codon Usage Database (www.kazusa.or.jp/codon) (1).
Calculation
For the calculation of all necessary indexes needed for the current work, we used "Coding Genome Scanner" (CGS), which is a Microsoft Excel tool containing original algorithm (www.barkovsky.hotmail.ru). The function of CGS is in the calculation of G+C, 1GC, 2GC, 3GC, GC4f, GC2f3p, frequencies of nucleotide, codon and amino acid usage and the entropy of amino acid content distribution for each coding region in the genome.
Coefficients of intragenomic correlation of 3GC on total GC content (R) have been calculated for all species. The coefficient of correlation indicates the strength and direction of a linear relationship between two random variables. The correlation is average or strong if R>0.5 or R<-0.5; the correlation is low or there is no correlation if -0.5<R<0.5.
Entropy of amino acid content distribution (9) has been calculated using the Equation 1 from Claude Shannon's information theory: H = -∑faa·log 2 faa (1) In this equation "faa" is the frequency of amino acid residue usage. The maximum level of uncertainty (H max) for amino acid content of protein is 4,322 bit.
In the second step of our study we mixed all coding regions from the main group of archaea (excluding H. walsbyi) and arranged genes according to their GC content (0.2<G+C<0.3; 0.3<G+C<0.4; 0.4<G+C<0.5; 0.5<G+C<0.6; 0.6<G+C<0.7; 0.7<G+C<0.8). Then we compared entropy of amino acid content distribution, average level of 10 a.a. and levels of every amino acid usage in proteins coded by genes from these separate groups using parametric statistics.
The same kind of calculations has been performed on genes and proteins from the group of methane-producing archaea. Then we compared levels of entropy and amino acid levels in groups of proteins coded by genes with the same GC content from the main group of archaea and from the group of methane-producing archaea.
